Objective To investigate arterial spin labeling (ASL)-MRI for the early diagnosis of and differentiation between the two most common types of presenile dementia: Alzheimer's disease (AD) and frontotemporal dementia (FTD), and for distinguishing age-related from pathological perfusion changes. Methods Thirteen AD and 19 FTD patients, and 25 agematched older and 22 younger controls underwent 3D pseudo-continuous ASL-MRI at 3 T. Gray matter (GM) volume and cerebral blood flow (CBF), corrected for partial volume effects, were quantified in the entire supratentorial cortex and in 10 GM regions. Sensitivity, specificity and diagnostic performance were evaluated in regions showing significant CBF differences between patient groups or between patients and older controls. Results AD compared with FTD patients had hypoperfusion in the posterior cingulate cortex, differentiating these with a diagnostic performance of 74 %. Compared to older controls, FTD patients showed hypoperfusion in the anterior cingulate cortex, whereas AD patients showed a more widespread regional hypoperfusion as well as atrophy. Regional atrophy was not different between AD and FTD. Diagnostic performance of ASL to differentiate AD or FTD from controls was good (78-85 %). Older controls showed global hypoperfusion compared to young controls. Conclusion ASL-MRI contributes to early diagnosis of and differentiation between presenile AD and FTD. Key Points • ASL-MRI facilitates differentiation of early Alzheimer's disease and frontotemporal dementia.
Introduction
Although less prevalent, presenile dementia (age of onset ≤65 years) comprises a substantial subset of dementia patients [1] . Compared to late-onset dementia, it more often has an atypical presentation and more progressive disease course. Early diagnosis of presenile dementia remains difficult as different etiologies are hard to distinguish. Presenile Alzheimer's disease (AD) more often has a non-amnestic presentation than late-onset AD [2] . Additionally, non-neurological causes of cognitive dysfunction are more prevalent in younger patients and may mimic neurodegenerative disorders, particularly obscuring differentiation between psychiatric disease and frontotemporal dementia (FTD) [3] . Another large subset of young patients presents with primary progressive aphasia (PPA), in which the underlying pathology -AD or FTD -is often unclear [4] . Conventional magnetic resonance imaging (MRI) often shows distinctive brain atrophy only in later stages AD and FTD [5] . Early diagnosis requires techniques that detect early brain changes, such as fluorodeoxyglucose-positron emission t o m o g r a p h y ( F D G -P E T ) . F D G -P E T v i s u a l i z e s hypometabolism in temporo-parietal regions, posterior cingulate, and precuneus in AD, while FTD affects the prefrontal cortex (PFC), anterior cingulate cortex (ACC) and anterior temporal cortex [6] . Arterial spin labeling (ASL)-MRI, measuring brain perfusion, has been proposed as an alternative as it is noninvasive and easily added to routine diagnostic MRI protocols, whereas FDG-PET has limited availability and relatively high costs [7] . Hypoperfusion measured with ASL is consistent with PET in advanced AD and FTD, indicating that ASL could contribute to differential diagnosis [8, 9] . The use of ASL in the earliest stages of dementia is being increasingly studied [10, 11] , but little is known about ASL findings in the early stage of presenile dementia, when diagnosis is often still uncertain. To reliably assess regional cerebral blood flow (CBF) changes in such patients, we also need to determine normal -regional -CBF variability, as this is substantial in healthy young adults [12] .
The aim of this study was to investigate ASL-MRI for the early diagnosis of and differentiation between the two most common types of presenile dementia: AD and FTD [2] . We also investigated age-related CBF changes to distinguish pathological from physiological changes in regional perfusion.
Methods Participants
Newly presenting patients visiting our outpatient memory clinic between January 2011 and September 2013, aged 45 to 70 years, and with a Mini Mental State Examination (MMSE) score≥20 (indicating mild dementia) were prospectively considered for inclusion. All patients underwent neurological and neuropsychological examination as part of their routine diagnostic work up. We consecutively included patients with a diagnosis of possible or probable AD or FTD. In addition, patients were included with PPA in which the underlying aetiology can be either AD or FTD. The reference standard was a nosological diagnosis of AD or FTD by consensus according to the McKhann [13] and Rascovsky [14] criteria, or AD or FTD underlying PPA [4] . Diagnosis was established either at baseline (initial visit), or after follow-up when diagnosis at baseline was uncertain, and verified independently by two experienced neurologists. Conventional structural MRI was assessed as part of the diagnostic process and simultaneously assessed for exclusion criteria, ASL-MRI was not. Patients with psychiatric or neurological disorders other than dementia were excluded. Other exclusion criteria were normal pressure hydrocephalus, Huntington's disease, cerebral vascular disease, alcohol abuse, brain tumour, epilepsy or encephalitis.
Healthy young (18 to 40 years) and older (45 to 70 years) controls were recruited through advertisement, and older controls also from their patient peers. Data from these young participants were previously reported in a reproducibility study of ASL [15] . Both control groups were matched for gender, and older controls for age with the patients. A researcher screened all participants, who were included only when there was no history of neurological or psychiatric disease, and no contraindications for MRI. Older controls were administered the MMSE to assess global cognitive functioning.
The study was approved by the local medical ethics committee. All participants gave written informed consent.
Image acquisition
All participants were examined at 3 T (Discovery MR750 system, GE Healthcare, USA). Perfusion was measured with state-of-the-art [16] 
Image data processing
The data were processed according to methods described previously [17] to obtain partial volume effect corrected CBF values from gray matter (GM) only.
Tissue segmentation
Gray matter (GM), white matter, and cerebrospinal fluid maps were obtained from the T1w image using the unified tissue segmentation method [18] of SPM8 (Statistical Parametric Mapping, London, UK). GM volumes were computed from the GM map. CBF was analyzed in GM only.
ASL post-processing
The ASL imaging dataset consisted of two images, a perfusion-weighted image (PWI) and a proton density image (PD), that were required for CBF calculation [16] . CBF maps from representative patients are shown in Figure 1 . The GM map derived from the T1w image was rigidly registered with the PD image for each participant (Elastix registration software [19] ). Then GM maps were transformed to ASL image space to enable partial volume (PV) correction. PV effects were corrected in PWI and PD images using local linear regression within a 3D kernel based on tissue maps [20] . The PV-corrected ASL images were quantified as CBF maps using the single-compartment model [16] as implemented by the scanner manufacturer. Finally CBF maps were transformed to T1w image space for further analysis. 
ROI labeling
For each participant, regions of interest (ROIs) were defined using a multi-atlas approach. This involved the registration of 30 labeled T1w images, each containing 83 ROIs [21, 22] , to the participants' T1w images. The labels of the 30 atlas images were fused using a majority voting algorithm to obtain a final ROI labeling [23] . Registration to the participants' nonuniformity-corrected T1w images [24] were performed with a rigid, affine, and a non-rigid B-spline transformation model consecutively. For this registration, both the participants' and the labeled T1w images were masked using the Brain Extraction Tool [25] .
Region selection
CBF was assessed per participant globally in the entire supratentorial cortex, and regionally in ten predefined cortical regions relevant for dementia, based on previously reported PET-findings in AD and FTD [26] [27] [28] (Table 1) . Mean GM CBF and volumes in these regions were extracted for the left and right hemisphere separately and subsequently reported as an average of the bilateral regions. GM volumes were reported as percentage of the total intracranial volume (% ICV).
Data analysis
Gender differences across patient and control groups were examined using chi-square tests (p<0.05). One-way analysis of variance (ANOVA) with Bonferroni correction (p<0.05) was used to examine age and MMSE differences across AD and FTD patients and older controls; and to compare global and regional GM CBF and volume across the patient and control groups. Variation within and between groups was visualized with a boxplot.
Sensitivity and specificity of regional CBF were evaluated for both patient groups using Receiver Operating Characteristic (ROC) analysis. We examined regions known to be affected in dementia that showed significant differences between FTD or AD patients and older controls. Regions significantly different between FTD and AD patients were selected to investigate their performance in differentiating the patient groups. Diagnostic performance was expressed by areas under the curve (AUC) with 95 % confidence intervals. For the regions with the highest AUCs, optimal cut-off points were determined to discriminate between the examined groups by locating the cut-off point where the distance from maximum sensitivity and specificity was minimal. Distance was calculated for each observed cut-off point using the equation: Reported regions were matched as closely as possible to our anatomically defined ROIs [21, 22] these cut-off points, false positives (FPs) and false negatives (FNs) were determined to explore whether age, gender, MMSE or PPA variant affected misclassification. Statistical analyses were performed in IBM SPSS Statistics, version 20.0 (New York, USA).
Results

Participant characteristics
One hundred participants were included in our study: 53 dementia patients, 22 healthy young adult and 25 healthy older participants ( Table 2 ). Post hoc, 21 of the 53 included patients were excluded due to diagnoses other than AD or FTD during follow-up (7), lack of progression (4), low data quality (4), or because of incomplete imaging data (6) . Median follow-up was 1.2 years (range 2 weeks -2.8 years).
Gender was not different across groups (χ 2 (3, n=79)= 1.822, p>.05). Age was not different between AD and FTD patients and older controls (F(2,54)=0.886, p>.05). MMSE was different across the patient groups and older controls (F(2, 53)=13.476, p<.05): both patient groups had lower scores compared to older controls, but not compared to each other (Table 2 ). Due to language deficits, two patients with PPA had MMSE scores of <20. Their full neuropsychological examination indicated only moderate impairment in all cognitive domains except for language, affecting the MMSE score. Their data were therefore retained in the analysis.
Global perfusion and volume changes
Mean CBF of the supratentorial cortex (Table 3 , Fig. 2) was not different between AD and FTD. Compared with older controls, global perfusion was lower in AD, but not in FTD. Older controls showed lower global perfusion than young controls. Mean GM volume was not different between AD and FTD, but was lower in both AD and FTD compared to controls (Table 3) .
Regional perfusion and volume changes
Changes related to dementia
Of the regions affected by dementia, the PCC showed lower CBF in AD than FTD (Table 3 , Fig. 2 ). Compared to older controls, CBF was lower in all these regions in AD, but only in the ACC in FTD. GM volume was not different between AD and FTD, but was lower in AD compared to controls in all regions affected in dementia except the ACC and medial PFC. FTD had lower volumes in all regions except the thalamus (Table 3) .
Of the regions initially unaffected by dementia, CBF in and volume of the precentral gyrus showed differences neither between AD and FTD nor between each of the patient groups and older controls. Mean CBF and GM volume in the occipital lobe and calcarine cortex was lower in AD than in older controls, but did not differ between FTD and controls.
Age-related changes
Mean CBF in all ROIs was lower in older than in young controls (Table 3 , Fig. 2 ). Mean GM volumes (Table 3) were lower in all ROIs except the medial temporal lobe (MTL) ( Table 3 ). In both control groups, CBF was relatively highest in the PCC and lowest in the occipital lobe.
Diagnostic performance of ASL in dementia
CBF was lower in AD than FTD in the PCC (Table 3) , in which ROC analysis yielded an AUC of 0.741 (Table 4) . The optimal cut-off point differentiated AD from FTD with 69 % sensitivity and 68 % specificity (Fig. 3a) .
As all regions showed lower CBF in AD than controls (Table 3) , these were all examined ( Table 4) . The precuneus performed best (AUC: 0.849) and differentiated AD patients from controls with 77 % sensitivity and 76 % specificity (Fig. 3b) .
FTD had lower CBF than controls in the ACC (Table 3) , in which ROC analysis yielded an AUC of 0.775 (Table 4) and (Fig. 3c) . Overall, misclassification of participants was not explained by age, gender, PPA variant, or MMSE, as these variables deviated less than 1 standard deviation in FP and FN cases compared to true positive and negative cases. However, male controls were labeled as diseased more than female controls: in differentiating AD from healthy controls, five out of six FP cases were male and in differentiating FTD from controls six out of six.
Discussion
The main finding of our study is that ASL-MRI contributes to early differential diagnosis of presenile dementia. Compared to FTD patients, AD patients showed hypoperfusion in the PCC. Differentiation between the patient groups based on this finding had a diagnostic performance of 74 %. Compared to agematched controls, FTD patients showed focal hypoperfusion in the ACC, whereas AD patients showed a more extensive hypoperfusion. These CBF changes discriminated FTD and AD patients well from age-matched controls (diagnostic performances of 78 % and 85 %, respectively). Finally, we observed that CBF was globally reduced with increased age, which should be distinguished from the pathological hypoperfusion in dementia. Atrophy and hypoperfusion corresponded frequently in AD, but not in FTD. Crucially, gray matter volume was not different between AD and FTD, indicating that these cannot be distinguished based on regional atrophy at this stage and in this patient population. This indicates that ASL-MRI provides contributing information for the differential diagnosis.
The observed lower CBF in the PCC in AD than in FTD is in agreement with previous studies [8, 9, 29] . Notably, we Mean GM CBF (ml/100 g GM/min) and volume (% intracranial volume) in ROIs in FTD and AD patients and older and young controls. P-values printed in italics indicate significant differences. As differences between young controls and all other groups were significant in all ROIs (except for MTL volume, please see text), p-values of these comparisons are not shown Fig. 2 Regional cerebral blood flow (CBF in ml/100 g GM/min) in FTD and AD patients and older and young controls. found CBF measurement in the PCC performing reasonably (74 %) to differentiate presenile AD from FTD, which may thus serve as a diagnostic marker to differentiate these diseases at an early stage. Previous studies reported additional differential regional hypoperfusion in the precuneus and temporoparietal cortex in AD, and in the ACC and frontal cortex in FTD [8, 9, 29] . Our AD patients had lower CBF than FTD patients in all regions, including in those typically lower in FTD, which may have obscured differences between the patient groups. Nevertheless, the extensive CBF changes are consistent with the literature [30] [31] [32] , and with the finding that in early FTD that the extent of atrophy exceeds that of hypoperfusion, while in AD these are similar [29] . This discrepancy in hypoperfusion may also explain why CBF changes in FTD patients were limited to the ACC. Additional hypoperfusion in FTD has been reported in the temporal lobe, medial PFC, and thalamus [29] , whereas hypometabolism on PET is generally limited to frontal regions in early-stage fluent PPA and behavioral-variant FTD (bv-FTD) [33] . The localized ACC hypoperfusion may, thus, be due to the disease still being at an early stage. Furthermore, focal ACC neuronal loss has been associated with tau pathology [34] which is correlated with both bv-FTD and PPA variants [35] , suggesting our FTD sample comprises predominantly patients with tau pathology.
CBF was globally decreased in AD, but of note is that a global CBF decrease does not necessarily indicate dementia. Compared to young controls, older controls also show globally decreased CBF. This is concordant with previous studies [36] and suggests that CBF reduces with aging. To our knowledge, no longitudinal ASL studies exist to verify this, but a longitudinal PET study supports this conclusion [37] . Closer examination of the global CBF changes showed that relative regional differences are generally preserved with age but also with neurodegeneration. For instance, despite the disproportionate widespread hypoperfusion in AD, and being most severely affected in AD and FTD, the PCC and ACC remain among the regions with the highest CBF. This intrinsically high regional CBF may obscure subtle neurodegenerative changes, and, thus, requires quantitative measurement rather than visual inspection.
This study has some limitations. First, our ROI definition was somewhat different from functional definition of ROIs by the literature. The structural ROIs used here may explain some unexpected findings, such as hypoperfusion in the calcarine cortex in AD. Our structural ROI also included the lingual gyrus and cuneus, which have shown hypoperfusion in AD [30] and may thus have affected this entire region's CBF. Nevertheless, our results are generally consistent with previous findings. We specifically chose this multi-subject atlas [21, 22] because its automated ROI definition is more robust than single-subject atlases. Second, the cross-sectional design does not allow for generalization of results to aging as a process. Still, the results provide insight in physiological CBF changes associated with higher age, compared to pathological CBF changes in higher age with concomitant dementia. Third, our sample is rather heterogeneous, comprising not only patients with AD or FTD phenotype, but also with PPA with AD or FTD as underlying pathology. Patient misclassification seemed not be affected by PPA variant, nor by gender, age, or MMSE. The heterogeneity of our sample on the other hand illustrates precisely the complexity of this patient population and the difficulty inherent to nosological diagnosis as a reference standard. A degree of uncertainty always remains, although it decreases as the disease progresses. Nevertheless, like the majority of in vivo dementia studies, our study relies on a reference standard that implies classification by means of the best available evidence. In addition, we report group Fig. 3 Receiver operating characteristic (ROC) curves and optimal cutoff points and associated sensitivity and specificity for GM CBF in regions of interest that show significant differences between AD and FTD patients (a), AD patients and older controls (b) and FTD patients and older controls (c). ACC: anterior cingulate cortex; AD: Alzheimer's disease; FTD: frontotemporal dementia; GM: gray matter; MTL: medial temporal lobe; OC: older controls; PCC: posterior cingulate cortex; PFC: prefrontal cortex effects, which may not necessarily generalize to individual patients. These issues may challenge the diagnostic value of ASL. However, we collected ASL data at a time point in the diagnostic process when diagnosis was not yet definitive. Only after follow-up, diagnosis was established. This shows that with ASL diagnosis can be made earlier than with routine clinical criteria, even at the individual patient level. Future studies should focus on validation of group results for individual diagnosis. Finally, the current results were obtained using a single scanner, while CBF measurement may not be robust across imaging centers. Inter-scanner and inter-vendor differences should be taken into account in patient studies [15] to reliably interpret quantitative CBF changes indicative of dementia and establish cut-off values.
In conclusion, we show that ASL-MRI can contribute to early diagnosis of presenile dementia and differentiate between AD and FTD where structural MRI does not. Hypoperfusion in the precuneus, ACC, and PCC may serve as quantitative diagnostic markers for respectively presenile AD, FTD, and their differentiation. Widespread hypoperfusion is seen in early stage presenile AD, but needs to be distinguished from a physiological CBF decrease in the older population. The clinical implementation of ASL should eventually be based on data of multicenter studies. This will help to determine and validate reference values and further improve diagnostic performance of differential diagnosis in early stage presenile dementia.
